Prostaglandin E (PGE) induces the penile erection in the mammalians. Receptors for PGE were characterized to 4 different subtypes (EP1-4). The effects of agonists for EP1-4 receptors were studied on phenylephrine (PE, 1 μM)-induced contractions in the rabbit penile corpus cavernosum smooth muscle. The EP4 receptor agonist, ONO-AE1-329 (1 pM-10 μM), markedly relaxed the pre-contracted smooth muscle strips in a concentration-dependent fashion (−65 ± 16% relaxation at 10 nM). The EP2 receptor agonists, ONO-AE1-259-01 (1 nM-10 μM) or butaprost (1 nM-10 μM), also relaxed the smooth muscle strips in a concentration dependent fashion (−58 ± 10% relaxation at 10 μM or −53 ± 10% relaxation at 10 μM). The EP1 receptor agonist, ONO-DI-004 (0.01-10 μM), increased the contractility in the smooth muscle strips. A 12 ± 6% increase was observed with 10 μM of the agonist. The EP3 receptor agonist, ONO-AE-248 (0.01-10 μM), however, did not alter the contractility of the smooth muscle strips. The selective EP4 receptor antagonist, ONO-AE3-208 (0.1 μM), inhibited a relaxant response to ONO-AE1-329 (the EP4 receptor agonist) but did not affect a relaxant response to ONO-AE1-259-01 (the EP2 receptor agonist). It is likely that the relaxant effect of ONO-AE1-329 acts on the EP4 receptor. Neither a nitric oxide synthase (NOS) inhibitor, L-NAME (300 μM), nor a soluble guanylyl cyclase inhibitor, ODQ (30 μM), affected the relaxant responses to ONO-AE1-259-01 (0.1-10 μM) or ONO-AE1-329 (0.01 nM-1 μM). In summary, EP4 and/or EP2 receptors mediate relaxations in rabbit corpus cavernosum smooth muscle, and the EP4 relaxant system is higher in relaxant potency than the EP2 system. Furthermore, the relaxations are independent from a nitric oxide (NO)/cGMP signalling pathway.
Prostaglandin E2 (PGE2) is known to elicit contraction and/or relaxation of various smooth muscles in vitro (11) . The receptor of prostaglandin (EP) has been divided into four subtypes (EP1-4 receptors) using pharmacological (12) and receptor cloning studies (13, 24) . EP1 receptors mediate the contraction of smooth muscle in various organs (13) . EP2 receptors mediate smooth muscle relaxation in bronchial, vascular and gastrointestinal systems (26) . In addition, EP3 receptors are involved in smooth muscle contraction (31) and EP4 receptors mediate vascular smooth muscle relaxation (2, 6) . Transfection of recombinant receptors into Chinese hamster ovary cells has revealed that each receptor is G-proteincoupled with a different signal transduction system (24) .
It has been reported that PGE1 reduces noradrenaline-induced contractions in human penile corpus cavernosum (3, 17) . Intracavernous injection of trolled organ bath (37°C, 10 ml) which was fi lled with 100% O 2 -bubbled HBS, a perfusing solution. Contractile tension of the tissue strips were isometrically measured by a force transducer (Type 45196A; GE Marquette Medical Sys. Japan Ltd., Tokyo, Japan) with an amplifier (Type 1829; GE Marquette Medical Sys. Japan Ltd.) and recorded on a pen recorder (R-62; Rikadenki Kogyo CO, Ltd., Tokyo, Japan). The tension of the strips was adjusted to 0.2-0.4 g (a basal tone) and allowed to equilibrate for 1-2 h before the experiments. The HBS was changed at 30 min after mounting and also at least three times after each drug test.
The protocols for animal experimentation described in this paper were previously approved by the Animal Research Committee, Akita University. All subsequent animal experiments adhered to the "Guidelines for Animal Experimentation" of the University.
Experimental protocols. Rabbit corpus cavernosum tissue strips were pre-contracted by administrating the selective α1-adrenoceptor agonist, PE (1 μM), into a bath. After the contraction reached to a stable state (a plateau or a gradually relaxing state after a maximum level), selective agonists for EP1-4 receptors were applied in a cumalative fashion. An increase in tension was calculated from the difference between the level of tension during PE application and a resting level. Relaxation or contraction of rabbit corpus cavernosum tissue strips referred to changes in contractile tension induced by PE. The degree of relaxation or contraction was expressed as a percentage of an increase or decrease of the 1 μM PE-induced contraction. Log concentration-response curves for EP receptor subtype agonists were presented in the fi gs.
In the experiments of the effects of an EP4 receptor antagonist and the inhibitors of NOS and guanylyl cyclase on the responses to EP2 or EP4 receptor agonists, the drugs were added to a bath at 10 min before PE treatment. All estimates of the effects of the drugs were made by comparing the agonist effect with concurrent time controls treated with the same agonist in the presence of the appropriate concentration of an antagonist vehicle. The inhibitions by the drugs were calculated as a test/control and expressed as a percentage.
Drugs and chemicals. ONO-DI-004, ONO-AE1-259-01, ONO-AE-248, ONO-AE1-329, ONO-AE3-208 were gifts from Ono Pharmaceutical Co. Ltd. (Osaka, Japan). Butaprost (methyl-3-hydroxy 2-[4-hydroxy-PGE1 also induces penile erection in humans and monkeys (1, 30) . PGE1 has been used as intraurethral therapies for erectile dysfunction (28) . Moreover, EP2 and EP4 receptors have been identifi ed in human corpus cavernosum (22) . A recent report showed that butaprost, the EP2 receptor agonist, caused relaxation of human corpus cavernosum smooth muscle (5) . However, it has not been well established as to what the EP receptor subtypes function in regulating cavernosal smooth muscle contractility.
It has been established in last two decades that NO/cGMP cascades have been thought to be a major signal transduction pathway in the physiological penile erection (3, 4) . In contrast, PGE1 elicits relaxation of corpus cavernosal smooth muscle by stimulating adenylyl cyclase to increase intracellular concentrations of cAMP (5, 10, 21, 29, 36) . Since repeated PGE1 treatment enhances erectile responses to nerve stimulation in the rat penis by up-regulating constitutive NOS isoforms, the NO/cGMP signalling pathway might be partly involved in PGE1-induced relaxation of the cavernosal smooth muscle (15) .
In this study, to characterize the EP receptor subtypes involved in the regulation of contractility of rabbit penile corpus cavernosum smooth muscle, we examined the effects of agonists for EP1-4 receptors on the tissue smooth muscle strips.
MATERIALS AND METHODS
Corpus cavernosum preparations and tension measurements. The methods for tissue preparations and tension measurements were performed in accordance with our previous report (32) . Male Japanese white rabbits (2.5-4.0 kg) were anesthetized with urethane (0.5 g/kg) by intraperitoneal injection. Then a cyclooxygenase inhibitor, diclofenac (2-4 mg/kg), was injected intravenously to prevent the release of endogenous cyclooxygenase products due to surgical operation. After 20 min, penises were surgically dissected at the level of attachment of corporal body to the ischum and were quickly placed in a HEPESbuffered solution (HBS). The HBS (composition, mM: NaCl 135.5, KCl 5.9, CaCl 2 1.8, MgCl 2 ·6H 2 O 1.2, glucose 11.0 and HEPES 10.0, pH 7.4) was bubbled with 100% O 2 . The corpus cavernosal tissues were carefully dissected free from the surrounding tunica albuginea. They were then longitudinally sectioned into strips preparations (1.5 × 1.5 × 6 mm) for tension measurements. The tissue strips were placed vertically in a thermostatically con- Statistical analysis. Statistical analysis was made by the Mann-Whitney test. P < 0.05 was used as an indicator of statistical signifi cance. All averaged data have been expressed as a mean ± standard error of the mean (S. E. M.).
RESULTS

Effects of agonists for EP1-4 receptors on penile corpus cavernosum smooth muscle contractility
The EP4 receptor agonist, ONO-AE1-329 (1 pM-10 μM), attenuated contractile tension of cavernosal smooth muscle strips pre-contracted with PE (1 μM) (Figs. 1A and 2). The relaxant response started at 0.1 nM (−10 ± 7%, n = 16, P < 0.005), then proceeded in a concentration-dependent fashion and showed −65 ± 16% relaxation at 10 nM (n = 16, P < 0.005), and fi nally reached to a basal level of tension at 1 μM (−97 ± 2%) (EC50 = 4.6 nM). The relaxant response was detectable within 1 min after the application.
The EP2 receptor agonist, ONO-AE1-259-01 (1 nM-10 μM), induced a relaxant response in the precontracted smooth muscle strips (Figs. 1B and 2 ). The relaxant response started at 0.1 μM (−7 ± 5%, n = 16, P < 0.01), then became larger in a concentration-dependent fashion and showed −18 ± 7% relaxation at 1 μM (n = 16, P < 0.005) and −58 ± 10% relaxation at 10 μM (n = 16, P < 0.005). The relaxant response was detectable within 1 min after the application. Similarly, another EP2 receptor agonist, butaprost (1 nM-10 μM) (16) , exerted a relaxant response (Fig. 2) . The response started at 1 μM (−15 ± 8%, n = 4, P < 0.05), then concentration-dependently proceeded and showed −53 ± 10% relaxation at 10 μM (n = 4, P < 0.05). There was no statistical difference in relaxant potency between the two EP2 receptor agonists (n = 4, P > 0.05).
The EP1 receptor agonist, ONO-DI-004 (0.01-10 μM), increased the contractile tension of cavernosal smooth muscle strips pre-contracted with PE (Figs. 1C and 2). The contractile response occurred by 12 ± 4% of PE-induced contraction at 10 μM (n = 7, P < 0.05). The response was detectable within 3 min after the application.
The EP3 rceptor agonist, ONO-AE-248 (0.01-10 μM), did not alter the pre-contracted smooth muscle strips (n = 15) (Fig. 2) .
Effects of the EP4 receptor antagonist on relaxant responses to agonists for EP4 or EP2 receptors
We tested the effect of the EP4 receptor antagonist, ONO-AE3-208 (0.1 μM), on the relaxant responses to agonists for EP4 or EP2 receptors. The relaxant response to the EP4 receptor agonist, ONO-AE1-329 (0.01 nM-1 μM) (control, n = 4), was attenuated by treatment with the antagonist (n = 4, P < 0.05) (Fig.  3A) . The antagonist diminished a relaxant response to the 1 μM EP4 receptor agonist from complete inhibition to −28 ± 9% inhibition. This is a statistically signifi cant difference. The relaxant response to the EP2 receptor agonist, ONO-AE1-259-01 (0.1-10 μM), was not altered by the antagonist (n = 4) (Fig.  3B) .
Effects of L-NAME and ODQ on relaxant responses to agonists for EP4 or EP2 receptors
We evaluated the effects of the NOS inhibitor, L-NAME (300 μM), or the soluble guanylyl cyclase inhibitor, ODQ (30 μM), on the EP4 or EP2 relaxant responses (14) . The application of L-NAME or ODQ before PE treatment induced a slight contraction (14 ± 5%) from a basal level of tension of the cavernosal smooth muscle. Neither L-NAME nor ODQ modifi ed the relaxant responses to the EP4 receptor agonist (0.01 nM-10 μM) (Fig. 4A) or ONO-AE1-259-01 (0.1-10 μM) (Fig. 4B) . DISCUSSION PGE1 induces cavernosal smooth muscle relaxation (3), and EP1-4 receptor mRNAs are present in human cavernosal smooth muscle (22) . However, the functions of the EP1-4 receptors in the cavernosal smooth muscle have not been clearly understood. The present studies provided the evidence for the functions of the receptors as follows: in rabbit corpus cavernosum smooth muscle, agonists for EP4 or EP2 receptors induced relaxations, and the EP4 receptor agonist was profoundly higher in relaxant potency than the EP2 receptor agonists. Reversely, the EP1 receptor agonist elicited a slight contraction, and the EP3 receptor agonist did not alter the contractility.
The two EP2 receptor agonists, ONO-AE1-259-01 and butaprost, caused relaxant responses with the respective relaxation of −58 ± 10% and −53 ± 10% at 10 μM. The data suggest that the EP2 receptor mediates relaxation. Their relaxant potencies are relatively close to a recently-reported relaxant potency of butaprost observed in human penile trabecular smooth muscle (about −80% relaxation at 10 μM) (5).
The EP4 receptor agonist, ONO-AE1-329, induced a relaxant response in a concentration-dependent fashion, suggesting that EP4 receptors on rabbit cavernosal smooth muscle mediate relaxation. The present study also showed that the concentrations of agonists needed to produce about −60% relaxation were 10 nM for the EP4 receptor agonist and 10 μM for the two EP2 receptor agonists. The present results indicated that the EP4 receptor agonist is about 1000 fold higher in relaxant potency than the two EP2 receptor agonists. This fi nding suggests that the EP4 receptor-mediated relaxant system is higher in relaxant potency than the EP2 relaxant system.
The high EP4 relaxant potency has been also de- scribed in the vascular system. In piglet saphenous vein ring preprations, the EP4 relaxant system (EC50 < 0.3 nM) is more sensitive than the EP2 system (EC50 = 3-30 nM) (11) . In the rat renal afferent arteriole, PGE2-induced vasodilation was mostly mediated by the EP4 receptor (35) . Possible explanations for the reason of the high EP4 relaxant potency are as follows: first, since there is no difference in binding affi nity between the EP2 receptor agonist, ONO-AE1-259-01, to the mouse EP2 receptor expressed on Chinese hamster ovary cells and EP4 receptor agonist, ONO-AE1-329, to EP4 receptor (19, 34) , the EP4 receptor might be more present than the EP2 receptor on the rabbit cavernosal smooth muscle. In fact, whereas the EP4 receptor and its mRNA have been found in almost all mouse tissues examined, EP2 mRNA is the least abundant in the four EP receptor subtypes (24) . Second, the EP4 receptor is coupled to a more highly tuned second messenger system (37). The present data, which showed that the EP4 receptor antagonist, ONO-AE3-208, reduced a relaxant response to 1 μM of EP4 receptor agonist from −100% relaxation to −28 ± 9%, indicate that the antagonist partly inhibited the relaxant response to the EP4 receptor agonist. This finding confirmed that the EP4 receptor agonist acted on the EP4 receptors. The present data also indicated that the EP4 receptor antagonist did not completely inhibit the relaxant response with the higher dose of the EP4 receptor agonist that was tried. This might be due to the lack of a high dose of EP4 antagonist. Since it has been known that the binding affi nity of the EP4 receptor agonist to the mouse EP2 receptor is about one twohundredths of the agonist to the mouse EP4 receptor (34) , there is little possibility that the EP4 receptor Fig. 3 Effects of the treatment with the EP4 receptor antagonist, ONO-AE3-208, on the relaxant responses to the EP4 receptor agonist, ONO-AE1-329 (A) and the EP2 receptor agonist, ONO-AE1-259-01 (B) in cavernosal muscle strips contracted with PE. At 10 min before contraction with PE, the EP4 antagonist was applied to a bath at a fi nal concentration of 0.1 µM. Asterisks indicate a statistically signifi cant difference with the corresponding control value. P < 0.05 compared to the control values. Controls mean the relaxations induced by EP2 and/or EP4 receptor agonists in the absence of the antagonist. Fig. 4 Effects of L-NAME and ODQ on the relaxant responses to the EP4 receptor agonist, ONO-AE1-329 (A), and the EP2 receptor agonist, ONO-AE1-259-01 (B). At 10 min before contraction, L-NAME and ODQ were added to a bath at fi nal concentrations of 300 µM and 30 µM, respectively. Controls mean the relaxations induced by EP2 and/or EP4 receptor agonists in the absence of the inhibitors.
agonist could partly activate the EP2 receptor at 1 μM. Also the binding affi nity of the EP2 receptor agonist to the EP4 receptor is about one two-thousandths of the agonist to the EP2 receptor (34) . Together with the present fi nding that the EP4 relaxant potency is 1000 fold higher than the EP2 relaxant potency, it is assumed that the EP2 receptor agonist might partly activate the EP4 receptor at 10 μM.
The principal intracellular messengers involved in cavernosal smooth muscle relaxation are cAMP and cGMP (4, 7) . Major physiological penile erection occurrs through parasympathetic nerve excitation, which stimulates NO release from both the nonadrenergic noncholinergic nerve and the trabecular endothelium (3). The NO diffuses into the smooth muscle cells, where it activates the soluble guanylyl cyclase to increase cGMP (3, 9) . However, the present results displaying that the relaxant responses to agonists for EP4 and/or EP2 receptors were not affected by treatments with L-NAME (300 μM) or ODQ (30 μM), suggest that the NO/cGMP signalling pathway is not involved in the relaxations mediated by EP4 and/or EP2 receptors. Since the high concentrations of these inhibitors exhibited an inhibitory effect on isoprenaline-induced relaxation in rat aortic rings (14) , high doses of them were used in the present study. The present fi nding that EP4 and/ or EP2 relaxant responses did not involve the NO/ cGMP signalling pathway is indirectly consistent with a recent report that the treatment of human cavernosal tissue with PGE1 caused a concentration-dependent increase in cAMP tissue levels, whereas the cGMP levels remained unchanged (5) . Both EP4 and EP2 receptors have been shown to be coupled to one of the GTP binding protein Gs, and are thought to produce vasodilation by stimulating the production of cAMP (11) . Together with, the present cavernosal smooth muscle relaxations mediated by EP4 and/or EP2 receptors might involve a cAMP signalling pathway via Gs. Further, cAMP stimulates calcium activated K + channels, which is related to the PGE1-induced relaxation of human corporal smooth muscle (20) .
An EP1 receptor agonist, ONO-DI-004, induced a slight contraction of the rabbit corpus cavernosum strips. The data suggest that the EP1 receptors might mediate contraction of the rabbit cavernosal smooth muscle. Since it is known that the activation of the EP1 receptors produces a contraction of the smooth muscle by increasing intracellular calcium (25) and that the EP1 receptors activate Gq protein to elevate the intracellular calcium in noncontractile cells (27) , the present EP1 receptor mediated-cavernosal smooth muscle contraction might involve an increase in intracellular calcium via Gq.
It is known that the EP3 receptors are invloved in smooth muscle contraction (31) through a major signalling pathway of adenylyl cyclase inhibition via Gi (8, 25) . However, the present study showed that the EP3 receptor agonist, ONO-AE-248, did not alter the contractility of the rabbit cavernosal smooth muscle as shown in Fig. 2 . The EP3 receptors have four splicing variant isoforms A, B, C, D, in which the EP3A receptor is coupled to Gi. The EP3B and EP3C receptors are coupled to Gs and cause an enhancement of the adenylyl cyclase activity. The EP3D receptor is coupled to Gq, in addition to Gi and Gs, and evokes a pertussis toxin-insensitive phosphatidyl inositol response (18, 23, 24, 33) . Therefore, it is speculated that the EP3 receptor isoforms coupling to Gs might cause a relaxation of the smooth muscle, and reversely, the EP3 receptor isoforms coupling to Gq or Gi might elicit contaction. If the present responses to the EP3 receptor agonist are viewed from the speculation, they might be divided into two groups, a relaxant response and a contractile response. However, more studies are necessary to clear whether the EP3 receptors in the rabbit corpus cavaernosum smooth muscle mediate such dual effects.
Thus, the present studies demonstrated that ONO-AE1-329, the EP4 receptor agonist, is a highly specifi c and effective drug to produce a relaxation of the rabbit corpus cavernosal smooth muscle. Recently, in addition to the oral type-5 phosphodiesterase inhibitor sildenafi l citrate, PGE1 has been intraurethraly administrated as a therapy for erectile dysfunction (28) . Therefore, the present EP4 receptor agonist might be more effective for therapies of erectile dysfunction than PGE1 and PGE2.
In conclusion, the data presented demonstrated that the EP receptor subtypes played a role in regulating the contractility of the rabbit corpus cavernosum smooth muscle. The EP4 and/or EP2 receptors mediate relaxations, and EP4 relaxant system is profoundly higher than EP2 relaxant system. The relaxations mediated by the EP4 and/or EP2 receptors are performed independently from the NO/cGMP signalling pathway. The EP1 receptors mediate a slight contraction. The EP4 receptor agonist might provide a new strategy for pharmacological treatment of erectile dysfunction.
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